Abstract -Slip ratio is the crucial variable of the interaction between wheels and soft road. Based on the definition of the slip ratio of wheels, dynamical model of the lunar rover is established in this paper, which incorporated the terramechanics theory. We calibrated some parameters of soil according to the theory of muti-pass performance of rigid driving wheels. Considering uncertainties of the non-linear model, the sliding mode controller is designed. Simulation results shows that the controller effectively keeps the slip rate of the wheel tracking the desired value and avoids the excessive spin and sink of the driving wheel.
I. INTRODUCTION
A rover is considered one of the most important mission devices for future lunar missions and will be expected to move on the lunar surface to collect precise information regarding the origin and maturing of the Moon. The surface of moon is covered with fine and dry soil-like dust called "Regolith" piled up loosely on the lunar surface. So, it will be difficult for the rover to achieve smooth mobility on the lunar surface [1] . Various mechanisms have been developed to travel on rough surfaces including leg, wheel with suspension, track, and leg-wheel mechanism, etc. Advantage of legged configuration is that it can move on an extremely rough terrain, while drawback of it is the complication of control system. Tracks give the best traction but are heavy, vulnerable to dust and debris between the wheels and track. They are susceptible to failure and are generally require considerable amount of power for drive. Leg-wheel mechanism has the merit of both leg and wheel mechanism, but this type of locomotion consists of complicate controller to plan a foot placement and its reliability is low. Thus, wheel with suspension system is adopted by most researcher , because it can work well on the plane terrain and easy to construct [1] ~ [3] .
On loose soil, wheels are easy to slip or spin, then lose traction. The soil under the slipping wheel is removed so that the wheel sinks into the soil. The traction force under the wheel is then subject to the characteristics of this soil removal. In addition, dynamic sinkage of a spinning wheel is a significant factor to increase the rolling resistance and decrease the net traction of the wheel [4] ~ [6] . From wheelterrain interaction dynamics, it can be seen that soil parameters play a vita1 role in determining wheel drawbar pull and wheel drive torque, which in turn are utilized for developing traversability prediction criteria and traction control algorithms. Research on wheel-terrain and trackterrain interactions, has developed since Bekker, started pioneering this area [7] . The preliminary model for soil-wheel interaction was created and improved based on experimental data. Wong, Reece, and Karaflath investigated and analysed the soil-wheel stress and deformation patterns of sand-1ike soils beneath a rigid wheel [8] [9] . In [10] , a slip-based traction model was developed theoretically, and used to establish an effective control law for a rover travelling on rough terrain. The rover's traversability could be improved by controlling wheel slip. In order to ensure safe running on loose soil for the rover, this paper establish the dynamic model of the lunar rover by the definition of the slip ratio of wheels, which incorporated the terramechanics theory [4] ~ [6] . Meanwhile, parameters of soil mechanics is calibrated by the theory of muti-pass performance of rigid driving wheels [4] [11] .And then the sliding mode controller is designed for this dynamical model, considering the non-linear systems with uncertainties [12] [13] .A simulation example is given to illustrate the method of this paper finally.
II. DYNAMIC MODEL OF SINGLE RIGID WHEEL DRIVING ON DEFORMABLE SOIL
In this section, force analysis of a driving wheel is carried out to establish the relationship between slip and wheel-terrain contact forces. A free-body diagram of a driven rigid wheel travelling through deformable terrain is shown in Fig. 1 [5] .
A vertical load n F and a horizontal force DP F are applied to the wheel by the rover suspension. A torque T is applied at the wheel rotation axis by an actuator. The wheel has angular velocity Z and the wheel center possesses a linear velocity v. 0 z and hc are the initial and the final sinkage of the wheel rotation axis respectively. The angle from the vertical at which the first makes contact with the terrain is denoted 1 T , while the angle from the vertical at which the wheel loses contact with the terrain is denoted 2 T . A stress region is created at the wheel-terrain interface, and is indicated by V . At a given point on the interface, the stress can be decomposed into a component acting normal to the wheel at the wheel-terrain contact point, termed the normal stress, V , and a stress acting parallel to the wheel at the wheel-terrain contact point, termed the shear stress, W . The angle from the vertical at which the maximum stress occurs is denoted m T . The dynamic force equilibrium equations of a driven rigid wheel can be written as following (Fig. 1 
for drawbar pull, or the wheel net traction, (2) and for wheel torque, Based on the terramechanics theory, the wheel drawbar pull can be given by [8] R H DP F F F (4) where H F is the tangential tractive force, and R F is the tangential motion resistance. For a driving wheel , based on soil mechanics , H F and R F can be expressed as function with wheel slip ratio respectively [7] [8]: [7] , 0 q is the coefficient of wheel dynamic sinkage.
Here, we will assume that W follows linear distribution laws
T is generally small in practice [5] . Thus,
where m W is maximum shear stress of the soil [8] , and
Equ. (1), (2) and (3) are form the dynamic model of single rigid wheel driving on deformable soil.
III. LUNAR ROVER DYNAMIC MODEL
In this paper, a 6-wheeled rocker bogie lunar rover made by Shenyang Institute of Automation of the Chinese Academy of Sciences is studied. The rover has six independently driven wheels mounted on an articulated passive suspension system. The four corner wheels is steerable. With this design, while traversing rugged terrain, each wheel trends to contact with the ground. The scheme of this rover is illustrated in Fig. 2 .In dynamics modeling and controller designing, we introduce the following assumptlons: 1) all theses six wheels is considered as smooth rigid wheel, and they are the same both the mass and the geometric parameters, 2) the rover is bilateral symmetry, and the 1/2 rover model can be considered instead of the whole rover in this analysis, 3) the rover moves only in an straight linear in the direction of the longitudinal of the rover on flat terrain, 4) the linear velocity of each wheel center equals approximately to the linear velocity of the rover in the direction of the longitudinal.
We consider the planar view of the 6-wheeled rover on flat terrain, shown in Fig.3 The dynamic force equilibrium equation of the rover in the direction of X can be written as:
The wheel angular acceleration,Z ,is calculated by
where M is mass of the 1/2 rover , i T is the wheel tractive torque, and Ri T is the resistance torque applied to the wheel. When a wheel is traveling on a loose soil, the wheel can slip. The slip of the longitudinal direction can be measured by wheel slip ratio, which is defined as a function of the longitudinal traveling velocity and the circumference velocity of the wheel (driving the wheel) [7] [8]: 
where r is radius of the wheel, O is wheel slip ratio, (8) , (9), we obtain > @
Equ. (13) can be written as
where, Therefore, it can be seen that the dynamic equations of the rover is a multi-input nonlinear system.
IV. CORRECTED PARAMETERS OF SOIL MECHANICS CHARACTER UNDER WHEELS MULTIPASS
When a tandem wheeled vehicle moves in an straight linear, it has a multipass effect wherein the front wheels create a track in which the rear wheels follow. This effect causes both deformation and precompaction of the soil behind each wheel. Therefore, the soil condition is difference among the wheels. It has been shown in the reference [11] that to predict the multipass performance of a driven wheel on soil with onetime passage will result in a larger error, such as sinkage, resistance, traction force, etc.
The test results made by [11] with tandem wheeled vehicle and desert sand from Xin Jiang revealed that with the increasing of load cycle, to the parameters with Bekker's pressure-sinkage equations, the friction deformation modulus M k increased and the soil sinkage coefficient n decreased, while to the parameters with Bekker's shear-displacement equations, the cohesion c fixed and the angle of internal friction I decreased slightly. All these parameters mentioned above, at the beginning of the load cycle, they are all varied greatly on their own way, and then gradually, finally approach to steady value with themselves.
In this paper, the primary soil parameters are used to the caculation of the front wheels and the revised soil parameters by the analysis results of [11] are used to the rear wheels follow.
V. DESIGN OF LUNAR ROVER SLIDING MODE DRIVING

CONTROLLER
In order to obtain the simplified dynamical equation of lunar rover, many presumptions and premises are made on the preceding text, because the rover dynamic system is complicated furthermore comprises of rigid multibody. But in practice, under this unknown environment as lunar surface , the dynamic characteristic parameters of the soil and the profile of the terrain are difficult to precisely estimate in real time. Therefore, parameter uncertainties and external disturbances are exist here. Thus, sliding mode controller is a feasible and effective approach for the nonlinear driving control of lunar rover. In this section, the sliding mode controller is described to allow the wheel slip, O ,to track a reference input wheel slip,
Conventionally, a switching function, s, is defined as: 
In order to have 1
It is clear from Equ. (21) that for V to be negative-definite, the discontinuous control gain has to be,
Here, the actual value of K is conveniently determined via simulation. To reduce chattering and to prevent the sliding mode controller from working in a 'bang bang' fashion, a smooth approximation is made to the discontinuous control within a band of width 2) as outlined in the reference [8] , where, ) is a constant, named boundary layer thickness. The control input, T , with sliding mode controller is,
From Fig. 5 to 9 , we illustrate the curves of variables, including slip, sinkage, longitudinal velocity, angular velocity and driving torque for wheels, respectively. Fig. 5 shows the wheels slip changing tendency with time increasing when wheels tracking their referential input wheel slip di O . The wheel slip approximates to 100% at the moment when wheel starting to move. This is because that the rover moves from stationary state. The curve will decline sharply and arrive at steady value in 0.2783 second. The results demonstrate that our controller can track the referential input effectively and efficiently. Fig. 6 depicts the simulation results of the wheel sinkage. We can also seen from the curve that the wheel slip ratio gets to its stable value quickly, which is effectively suppressed the excessive spin and sink of the driving wheel, therefore, safe running on loose soil is to be ensured for the rover. Fig. 7 shows that the wheels run harmoniously, which is ascribed to the restriction of the rover's velocity controlled by the sliding mode controller. In Fig. 8 , there will be difference among angular velocities level of the wheels once they reach their stable motion. As a result of the difference of wheel-soil condition for the multipass wheels, the desired input wheel slip are different, thus cause to difference of the angular velocities level under the restriction of velocity harmonization.
In Fig. 9 , the torque control signal i T is plotted for the wheels numbered by 1, 2 and 3. The simulation results reveals that the wheel driving torque level of the wheel 1 is much higher than that of the wheel 2 and the wheel 3, which suggests that soil parameters has great effect on the level of the wheel driving torque. The tracking errors can be attributed to using continuous switching to reduce chattering. The sliding mode controller makes the driving torques of the wheels provides steady and fast dynamic response. This study investigates the driving dynamic behaviours of a six-wheels lunar rover with attention to terra-mechanics, when the rover travels on loose soil. Based on the terramechanics formulation, the force of wheel-soil interaction is calculated out and the soil mechanics parameters are calibrated by the theory of muti-pass performance. In order to keep wheels from traction loss and increase the rover traversability, we present an effective control law for controlling the wheel slip O . Simulation results show the effectiveness of the proposed sliding mode controller. Though the control presented shows good performance, further investigation is required. We assumed that the referential input of wheel slip d O is constant in this study. In future work, our research will consider the case of a variable d O and rough terrain which is more general.
